Adsorption of a series of primarily substituted hydrocarbons (RX; C 18 H 37 PO(OH) 2 (ODPA), C 17 H 35 COOH, C 18 H 37 OH, C 18 H 37 NH 2 and C 18 H 37 SH) onto solid gallium substrates with and without UV/ozone treatment was studied using contact angle goniometry, spectroscopic ellipsometry and cyclic voltammetry (CV). UV/ozone treatment offered a hydrophilic surface hydrogen bond interaction of a phosphonate group with surface oxide. These results will provide a means for controlling the surface properties of oxide-coated gallium that play an essential role in monolayer conductivity measurements and electroanalytical applications.
for UV-Ga; An additional Cauchy layer (an organic layer) on the oxide-coated Ga substrate (UV-Ga) for ODPA/UV-Ga. For the fitting, the parameter A in the Cauchy model is fixed, and the layer thickness, the parameters B and C were varied to obtain the best fitting. The parameters (layer thickness, B and C) that gave the best fit for each spectrum are shown, in addition to the mean-square error of the fitting (MSE). Data collected by. Dr Takashi Ito 13 (α, β, γ, δ, ε). The crystal structure of Ga 2 O 3 is corundum type and it is similar to aluminum oxide. The chemical properties of gallium metal is different from aluminum as it has lower melting point, softness and the ability to be reduced to lower oxidation compounds.
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Gallium and its alloys have recently attracted considerable interest as electrode materials because of their low melting point and low toxicity. For example, Galanstain (eutectic mixture of gallium, indium and tin) electrode material shows comparable behavior to mercury in voltametric analysis of cadmium and lead. Galanstain has a higher hydrogen over potential, higher potential window and its renewable surface led to give higher reproducibility of results as mercury electrode does. 2 Gallium film electrode has been proposed to eliminate copper interference on zinc determination in anodic striping voltammetry. 3 These findings shows that we can take an advantage of gallium and its alloy electrodes as alternative to toxic mercury for trace metal ion analysis in voltammetry. Eutetic gallium indium (EGaIn ) is a another alloy of gallium metal. It can be easily incorporated into µm-scale channels, leading to fabrication of microelectrodes within microfluidic channels. [4] [5] [6] . Another advantage of EGaIn is it is an elastic material and can be molded at room temperature3. And also EGaIn is electrically conductive thus can be used as a contact electrodes for measurements of electrical conductivity across selfassembled monolayers (SAMs) formed on another metal surfaces. 5, [8] [9] [10] Solid metallic gallium can form self organized nanoporous anodic oxide monoliths in the presence of 4 and 6M H 2 SO 4 at 10 and 15V. These monoliths pore diameters are ranging from 18-40 nm and can be used for future chemical sensors and catalyst applications. 7 In these applications, it is important to understand the surface chemistry of these metals.
It is well-known that metallic gallium is self-passivated by an ultrathin gallium oxide layer (≤ 1 nm thick) upon exposure to air. 4, 11 The oxide layer gives significant influences on electrochemical and conductivity measurements, including passivation of electron conduction and direct involvement in the redox reactions of a gallium electrode. 4, 12, 13 In addition, chemisorption onto gallium electrodes will provide a means for modulating the electrical and electrochemical properties of gallium/alloy electrodes, as has been shown for other electrode materials in chemically modified electrodes. 14 However, the surface chemistry of metallic gallium has attracted limited attention. X-ray reflectivity method 11 and Auger electron spectroscopy 4 were used to measure surface oxide formation on metallic gallium and its alloys.
Electrochemical methods exhibited the adsorption of ionic species onto gallium electrodes in aqueous solutions. 12 Interestingly, it is known that the surface oxide layers of gallium alloys consist of mainly gallium oxide due to the very high reactivity of gallium with oxygen as compared to the other metallic components. 4 Thus, it is important to understand the chemical properties of surface gallium oxide layers for the aforementioned applications.
In this study, adsorption of organic molecules on solid metallic gallium was systematically investigated using contact angle goniometry, spectroscopic ellisometry, atomic force microscopy (AFM) and cyclic voltammetry (CV). The effects of UV/ozone treatment on surface properties of a solid gallium surface were also investigated. As organic molecules, primary substituted hydrocarbons (RX) with long alkyl chains and different terminal functional groups (-X = -PO(OH) 2 , -COOH, -OH, -NH 2 and -SH) were examined. Their long alkyl chains facilitate the assessment of molecular adsorption, which can be recognized as an increase in water contact angle ( water ) and ellipsometric thickness 15 as well as the passivation of electrode reactions. 16 Considering that surface oxide layers formed on liquid gallium and its alloys have solid-like properties, 4, 11 knowledge obtained in this study will provide a guidance to select an organic functional group suitable for SAM conductivity measurements and surface functionalization of a gallium electrode in electrochemical applications.
Chemical and Materials
High purity gallium (99.99%) was purchased from GalliumSource, LLC and used as received. Gold-coated silicon substrates, which were prepared by sputtering 10 nm of titanium followed by 200 nm of gold onto Si(100) wafers, were purchased from LGA Thin Films (Foster City, CA). n-Octadecylphosphonic acid (C 18 H 37 PO(OH) 2 ; Alfa Aesar), n-octadecanoic acid (C 17 H 35 COOH; Aldrich), n-octadecanol (C 18 H 37 OH; Alfa Aesar), n-octadecylamine (C 18 H 37 NH 2 ;
Alfa Aesar), n-octadecyl mercaptan (C18H37SH; Acros Organics), tetrabutylammonium hexaflurophosphate (TBAPF 6 ; Strem Chemicals), and anhydrous acetonitrile (Alfa Aesar) were used as received. Toluene (Fisher Scientific) was dried over activated molecular sieves 3A
(Acros Organics) prior to use.
Fabrication of solid gallium films on planar gold coated silicon substrate
The surface of planar Au substrate (6mm X 6mm ) was cleaned in a Novascan PSD-UVT UV-ozone system for 45 minutes. A drop of liquid gallium spread over cleaned Au substrate. 
Atomic force microscopy
AFM operation modes can be divided in to two main types, contact mode and non contact mode depending on where cantilever is vibrated. In this study AFM images were obtained by contact-mode imaging in air using a Digital Instrument Multimode AFM with Nanoscape IIIa electronics. Contact mode tips from Vista Probes were employed. 
Spectroscopic Ellipsometry
Spectroscopic elleipsometry is an optical technique and it has been used to characterize thin film thickness, optical constant of multilayer and nonuniform gradient. The basic operation principle is based on change of polarization light in reflection or transmission. In this experiment spectroscopic ellipsometry measurements were performed using a J.A. Woollam Alpha SE spectroscopic ellipsometer. A series of ellipsometric spectra on each gallium substrate were recorded before and after UV/ozone treatment and upon subsequent RX adsorption as follows. 17 An ellipsometric spectrum of a freshly-prepared gallium substrate prior to UV/ozone treatment (untreated Ga) was first recorded, and was used as a spectrum of an underlying substrate. Then, a spectrum was recorded for the same substrate after UV/ozone treatment (UV-Ga) to obtain the thickness of a surface oxide layer. Finally, a spectrum of the substrate upon immersion in a RX solution was recorded to determine the thickness of an adsorbed organic layer. as reported previously. 7 All the CV data were obtained in 0.1 M TBAPF6 acetonitrile solution cooled by ice (ca. 0 °C) using a CH instruments model 618B electrochemical analyzer. All the CV data shown were recorded at the first potential cycle. Very similar voltammograms were measured also at the second cycle.
Figure 5. Experimental set up for electrochemical measurements
In this study, the effects of UV/ozone treatment on the surface properties of solid metallic gallium were first investigated using AFM, contact angle goniometry and spectroscopic ellipsometry. Subsequently, adsorption of the different RX onto solid gallium substrates with and without UV/ozone treatment (UV-Ga and untreated Ga, respectively) was studied using the three techniques. Finally, the electrochemical properties of the solid gallium substrates with and without surface oxide and adsorbed organic layers were measured using CV in an acetonitrile solution. These experiments revealed the chemical properties of the solid gallium surfaces, and also the affinity of the terminal functional groups of RX to these surfaces. Figure 6ab shows AFM images of a solid gallium substrate before and after UV/ozone treatment. Overall, the surfaces are fairly smooth, as indicated by their root-mean-square (RMS) roughness of less than 1 nm. The surface features probably reflect those of a plastic Petri dish that was used for the preparation of the solid gallium substrate. Indeed, the RMS roughness of untreated Ga (0.87 ± 0.39 nm; Figure 6a ) is very similar to that of the plastic Petri dish (0.87 ± 0.30 nm; Figure 7 ). Very similar surface features were also measured by us with scanning electron microscopy. 7 Importantly, there is no significant change in surface morphology upon UV/ozone treatment, as indicated by the similar RMS roughness (0.74 ± 0.17 nm; Figure 6b ).
UV/ozone Treatment of Solid Gallium Substrates
Thus, the experimental procedure based on layered models (vide supra) is applicable to analyze ellipsometric spectra for estimation of surface layer thickness. Table   01 . Although the  water values for solid gallium samples upon 10-50 min UV/ozone treatment were < 10° in the figure, it could be recognized that water spread easily on substrates upon UV/ozone treatment for longer than 30 min. Thus, gallium substrates were treated by UV/ozone for 50 min in total to prepare UV-Ga thereafter. to that of hydrogen bond acidity of the functional groups, 22 indicating the significance of the hydrogen bond accepting properties (i.e., basicity) of the surface gallium oxide on the adsorption of RX. The stronger adsorption of ODPA may also reflect the heterocondensation of the phosphonic acid moiety with the surface oxide layer, as reported for other metal oxide surfaces. 21 The difference in adsorption strength was further verified by spectroscopic ellipsometry and CV (vide infra). It should be noted that only C 18 H 37 NH2 was examined for the spectroscopic ellipsometry and CV measurements among the three RX that showed weaker adsorption onto UV-Ga (i.e., C 18 H 37 NH 2 , C 18 H 37 SH and C 18 H 37 OH). 2.4 ± 0.4 [6] a Average ± standard deviation. The numbers of measurements are shown in square brackets. b Gallium substrates treated with UV/ozone for 50 minutes in total.
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c Gallium substrates were immersed in a toluene solution (5 mM) for 24 hours. 
Electrochemical Characterization of Solid Gallium Surfaces
Electrochemical methods provide a simple means for investigating the properties of passivation layers formed on conductor surfaces. 16, 23 In this study, CV was employed to assess the passivation properties of surface oxide and/or adsorbed organic layers at solid gallium substrates. CV measurements were carried out in an acetonitrile solution containing 0.1 M TBAPF 6 , because the adsorbed organic layers gradually desorbed from solid gallium substrates in an aqueous solution ( Figure 11 ) as observed on GaN and AlGaN substrates for ODPA monolayers. 17, 18, 24 The surface oxide and adsorbed organic layers were assessed based on anodic and cathodic voltage limit (electrochemical potential window) obtained from CV data. However, the electrochemical potential window of ODPA/Ga was much narrower than that of ODPA/UV-Ga (see Figure 12b ) probably due to the low ODPA coverage as suggested by the smaller θ water (Table 2 ; vide supra). a Average ± standard deviation of data measured for three different samples. The anodic and cathodic limits were defined as the potentials where a Faradaic current was larger than 0.25 µA (∆j = 0.5 µA/cm 2 ) at the scan rate of 0.1 V/s. The Faradaic current was determined by subtracting a background current (e.g., a charging current). 25, 26 Here, the limit is defined as a potential where a Faradaic current obtained as a result of the subtraction of a background current is larger than 0.25 µA (0.5 µA/cm 2 ) in voltammograms measured at the scan rate of 0.1 V/s. The background subtraction eliminates the influence of a charging current and an Ohmic resistance.
The ∆Ewindow values in Table 3 confirm that electrochemical potential window is wider in the order of untreated Ga < ODPA/Ga ~ UV-Ga ~ C 18 H 37 NH 2 /UV-Ga < C 17 H 35 COOH/UVGa < ODPA/UV-Ga. In particular, there is a good correlation between θwater, ellipsometric thickness and ∆Ewindow for the three UV-Ga samples with adsorbed organic layers: ODPA formed a densely-packed monolayer on UV-Ga to give the large θwater, ellipsometric thickness corresponding to the molecular length, and the most efficient passivation shown by the wide ∆Ewindow. The adsorption of C 17 H 35 COOH onto UV-Ga was weaker than ODPA, giving smaller θwater, smaller ellipsometric thickness and narrower ∆Ewindow. C 18 H 37 NH 2 did not strongly adsorb onto UV-Ga, leading to negligible passivation upon its adsorption onto the substrate. These electrochemical results verify the high affinity of a functional group with higher hydrogen bond acidity onto a surface gallium oxide layer on solid metallic gallium.
Chapter 4 -Conclusion
In this work, we investigated the adsorption of primary substituted hydrocarbons on solid gallium substrates with and without UV/ozone treatment. UV/ozone treatment gave hydrophilic surfaces with surface oxide layers up to 1 nm in thickness. Adsorption of primary hydrocarbons onto UV-O 3 substrates were driven by the hydrogen bonding acidity of organic functional groups. According to the measured contact angle data we can hypothesis that gallium oxide shows basic oxide properties. The surface oxide layer shows extremely lower water contact angle << 10 throughout the 50 minutes time intervals. Based on these results we can claim that formed surface oxide layer is higher hydrophilic in nature and it may show smooth surface characteristics. Further surface roughness data of AFM images are supporting to this claim.
However adsorptions onto UV-O 3 non treated gallium substrates were comparatively poor as pure metallic gallium surface may not exhibit basic surface properties. The findings of this work elaborate that ODPA formed a densely-packed monolayer on UV-O 3 treated gallium substrate.
Results from contact angle measurements, ellipsometic thickness and efficient electrode passivation provide evidence that ODPA formed well packed monolayer. Although other organic functional groups did not show strong adsorption onto UV-O 3 substrates except -COOH. This observation is consistence with hydrogen bond acidity of organic functional groups. In contrast, any of organic functional groups were not showed strong adsorption onto UV-O 3 non treated gallium substrates. It indicates that gallium oxide layer has a significant influence on adsorption process. These results will provide guidance to the control of electron transfer/conduction across gallium-organic layer interfaces and also to controlled functionalization of gallium, its alloys and their oxide surfaces.
